Cyclic voltammetry responses are derived for two-electron, twostep homogeneous electrocatalytic reactions in the total catalysis regime. The models developed provide a framework for extracting kinetic information from cyclic voltammograms (CVs) obtained in conditions under which the substrate or cosubstrate is consumed in a multielectron redox process, as is particularly prevalent for very active catalysts that promote energy conversion reactions. Such determination of rate constants in the total catalysis regime is a prerequisite for the rational benchmarking of molecular electrocatalysts that promote multielectron conversions of small-molecule reactants. The present analysis is illustrated with experimental systems encompassing various limiting behaviors.
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electrochemistry | total catalysis | energy conversion | homogeneous mechanism | cyclic voltammetry E fforts devoted to discovering molecules to catalyze the oxidation and reduction of substrates of consequence to modern energy challenges have driven a surging interest in applying electrochemical methods to elucidate the mechanism of molecular catalysts (1, 2) . Benchmarking has been sought as a guide to decipher trends for the rational design of new catalysts (3) that promote the energy conversion reactions of water (4) and hydrogen (5) oxidation and the reductions of oxygen (6, 7) , protons (8) , and carbon dioxide (9) (10) (11) . As the activation of small molecules often involves multielectron, multistep processes, as well as multiple substrates, knowledge of the mechanism is essential for proper benchmarking. Such mechanistic insight of molecular catalysts may be garnered from the current-potential responses offered by cyclic voltammetry (CV).
Extraction of kinetic information from CV waveforms of a catalyst P that promotes a single redox event followed by a chemical reaction (i.e., EC mechanism),
is well documented (12) and can be summarized in the form of a 2D EC zone diagram (13) where the CV waveform is described by dimensionless parameters in concentration, γ A = C 0 A =C 0 P , and in kinetics, λ 1 = k 1 C 0 P =ðFν=RTÞ, where C 0 A and C 0 P are the initial concentrations of substrate and catalyst, k 1 is the homogeneous electron transfer rate constant, and ν is scan rate. For the more complicated case of multielectron, multistep catalytic transformations, a formal kinetics analysis may be performed under the restricted framework of pure kinetics conditions (i.e., a steady-state condition in Q where Q does not accrue in solution owing to very fast kinetics defined by k 1 ) and in the absence of substrate or cosubstrate consumption (i.e., the amount of substrate consumed in the reaction diffusion layer is small relative to total substrate concentration). For this case, mechanistic insights for multielectron, multistep catalytic transformations may be obtained from both plateau currents and half-wave potentials (14) . Whereas pure kinetics conditions are likely to be met for efficient catalysts, the condition where no substrate is consumed (i.e., classic S-shape behavior in the CV trace) is more difficult to achieve experimentally. In such a case, the foot of the wave analysis (FOWA) (15) , may be used with the caveat that kinetic information can be obtained only for a single step, usually corresponding to the initial chemical step of the mechanism (14) . Initial qualitative analysis for multielectron, multisubstrate processes in the kinetic regime of substrate consumption has been recently provided for the restricted case where both substrate (A) and cosubstrate (Z) are identical (e.g., A = Z = H + , acid reduction) (16) . This analysis has proved useful for deciphering the catalytic reduction of protons to hydrogen by a cobaloxime catalyst (17) .
We now provide a generalized and quantitative treatment for extraction of kinetic information from CVs obtained for the pure kinetic regime in which a substrate or cosubstrate is consumed. For simplicity, we restrict the analysis to a two-electron, two-step process, noting that each chemical step may combine several elementary steps provided that the aggregate of elementary processes is first order in substrate or cosubstrate and can be characterized by an apparent rate constant (encompassed by k 1 and k 2 ). Our analysis focuses on the four mechanistic schemes of ECCE, ECCE′, ECEC, and ECE′C described in Scheme 1 where E is a Nernstian electron transfer at the electrode surface, C is an irreversible chemical reaction, and E′ is a homogeneous electron transfer occurring in solution as previously defined (14) . In all Significance Small-molecule conversions important to contemporary energy science often involve the reaction of two substrates in a multielectron redox process. The design of catalysts to effect such reactions requires knowledge of the reaction mechanism. It was shown over 30 y ago that quantitative kinetics information may be extracted from the cyclic voltammograms of catalysts that promote reactions involving a single electron and a single substrate. Attempts to extend this model to multielectron, multisubstrate reactions have permitted only qualitative kinetics insights to be extracted. The models developed herein allow quantitative kinetics rate constants to be obtained from peak currents and peak potentials of electrocatalytic reactions beyond a single electron and substrate, and accordingly they should be useful for guiding rational catalyst design.
cases, the second electron transfer is considered to be thermodynamically more favorable than the first one, thus establishing the condition for a multielectron process. All electrode electron transfers are assumed to be fast so that the Nernst equation applies at the electrode surface.
As expounded in SI Appendix, each mechanistic case depends on five dimensionless parameters, namely two excess (concentration) factors γ A = C We therefore restrict our analysis to pure kinetics conditions corresponding to a steady-state behavior of intermediates that results from compensation between chemical reaction and diffusion (12) . Additionally, we consider that at least one reactant (substrate A or cosubstrate Z) is consumed to a large extent, thus leading to a total catalysis regime. This formal analysis is illustrated with experimental examples encompassing various limiting behaviors of previously reported systems, as well as an analysis of a dicobalt catalyst that promotes the oxygen reduction reaction.
Results
In the regime of total catalysis that is governed by pure kinetics conditions, catalysis is so fast that it occurs only within a thin diffusion-reaction layer close to the electrode surface. For this case, a small amount of active catalyst consumes all substrate. When the excess factor of a substrate A or cosubstrate Z reactant is small, the reactant concentration in the diffusionreaction layer is much smaller than in the bulk and can be approximated within the whole diffusion-reaction layer by its concentration at the electrode surface. Both conditions, pure kinetics (corresponding here to λ 1 γ A → ∞ and λ 2 γ Z → ∞Þ and a small excess factor of one reactant may seem a priori contradictory. However, as shown in SI Appendix, the relevant parameters governing substrate and cosubstrate consumption are of the form λ i =γ S = k i C 02 P =C 0 S ðFν=RTÞði = 1, S = A; i = 2, S = ZÞ with total catalysis regimes obtained when large values of these parameters are reached. Thus,
Under the total catalysis regime the condition of γ S → 0 is difficult to achieve (as C 0 P concentration may be small); nonetheless, for a very active catalyst, k 1 may be very large and hence λ i → ∞ may be approached. In such situations, diffusion of the limiting reactant becomes rate determining and the shape of the CV is very different from the S-shaped CV obtained in the absence of substrate consumption. In this case, the catalytic wave may indeed be peak shaped. We now provide a quantitative analysis of CV traces of the catalytic wave and describe their characteristic features, as well as provide quantitative relations to extract kinetic information from CVs for the catalytic process in the three limiting situations of γ Z =γ A → ∞, γ Z =γ A = 1, and γ Z =γ A = 0.
In the presence of a large excess of cosubstrate Z, only consumption of the substrate A need be considered. A classical substrate-diffusion controlled catalytic wave is obtained corresponding to the dimensionless analytical equation,
for which the characteristic peak current, potential, and halfwave width are Ψ Fig.  1) , respectively. I Ψ tc is the convolution integral whose definition is given in SI Appendix together with the expressions of the dimensionless current Ψ tc and potential ξ tc for each mechanism considered. Note that the dimensionless formulation of the CV (given in Fig. 1 ) is the same for each mechanism (ECEC, ECCE, ECE′C, or ECCE′) and is useful because the shape of any experimental CV corresponding to case 1 in the total catalysis regime should be that given in Fig. 1 .
As summarized in Table 1 , the peak current, i p , is the same for all considered mechanisms and it does not contain any kinetics information except for the classical characteristics of a diffusion peak; i.e., i p is proportional to the substrate concentration and to the square root of the scan rate as well as to the square root of the substrate diffusion coefficient (the peak current equation is given in the rightmost column of Table 1 ). The kinetics information is included in the peak position, E p , from which the rate constant k 1 can be extracted. No information can be obtained for the second chemical step k 2 . Distinction between the various mechanisms of Table 1 can be made only if the kinetic rate constant k 1 is already independently known (for example, from a stopped-flow experiment). If k 1 is known, the exact peak position can formally be used to distinguish whether the second electron transfer occurs at the electrode surface (ECEC or ECCE) or in solution (ECE′C or ECCE′) although it should be noted that the peak potential difference between the two situations is small [only (RT/2F)ℓn2 = 8.9 mV at 25°C]. Alternatively, if the mechanism of the electrochemical reaction is already known (from independent chemical studies), the k 1 is provided by the experimental E p , using the equations given in Table 1 .
The kinetics information extracted at the peak potential from the total catalysis CVs when γ Z =γ A → ∞ is the same as the kinetics information extracted from a FOWA. Taking into account the current-potential relationships at the foot of the wave for all considered mechanisms from table 2 in ref. 14, it can be shown Table 2 ). The kinetic information retrieved from the peak potential position is the rate constant of the first chemical step for the ECCE and ECE′C mechanisms and the peak potentials are identical to the γ Z =γ A → ∞ case. The situation is more complex in the ECEC case since the peak potential depends not only on the rate constants of chemical steps k 1 and k 2 but also on the potential separation between both electron transfer steps (Table 2) . However, if ℓnðk 1 =k 2 Þ + ð2F=RTÞðE 0 Q′=B − E 0 P=Q Þ >> 1 (typically > 2.5), then the expression of the peak potential simplifies to
A more cumbersome expression combining both rate constants k 1 and k 2 is extracted from the peak potential in the ECCE′ mechanism, which simplifies to
[4]
Slightly different peak potential relationships are obtained in the situation encountered in molecular catalysis such as acid reduction where A = Z = H + , as summarized in Table 2 . Again, in the ECEC case, if ℓnðk 1 =k 2 Þ + ð2F=RTÞðE 0 Q′=B − E 0 P=Q Þ >> 1, the expression of the peak potential simplifies to
which recovers the relation obtained qualitatively in ref. 17 . 
with
is the corresponding convolution integral and ξ tc3 is the dimensionless potential, which is given in Table 3 for each considered mechanism. Eq. 6 also applies for all other mechanisms in Table 3 without the additional caveat mentioned above for the ECEC mechanism. Fig. 2 shows the different traces that result for different values of β (as given in the Fig. 2 legend) where the CV traces have Table 1 . Peak potential and current for case 1: Table 2 . Peak potential for case 2:
been obtained from numerically solving Eq. 6 (SI Appendix). Unlike  Fig. 1 , which corresponds to a 0-parametric dimensionless equation of the CV, different dimensionless traces result, owing to the oneparameter fit in β. Total catalysis is obtained when β is large but the shape of the waves in Fig. 2 is not that of a standard diffusion wave. The CV develops a sharper peak as β increases. When complete control by substrate diffusion is reached (log β > 2), the peak is so sharp that there is a discontinuity in the tangent to the curve at this level. The peak current is then Ψ tc3 p = 0.884 and the peak potential is ξ tc3 p = 0.025, leading to determination of only the rate constant k 1 . Note that such a sharp peak has been described to date only for substrate diffusion limited catalytic processes involving immobilized enzymes as catalysts (18) . Experimentally, increasing the concentration of Z will result in a decrease of β (the onset of the upward curvature in Fig. 2B corresponds to log β < 2) and the shape of the CV will change according to Fig. 2A , and the position of the catalytic peak will be defined as presented in Fig. 2B . With regard to the latter, variation of the peak potential allows evaluation of rate constant k 2 according to the theoretical curve shown in Fig. 2B obtained from numerical calculations of Eq. 6 (SI Appendix).
Finally, in the ECEC mechanism case, if the catalytic wave is positive to the second electron transfer standard potential (i.e., exp
, then the CV is described by
similar to Eq. 1 but with different definitions of Ψ tc3 * and ξ 
A combination of E 0 Q′=B and k 2 can be extracted from the peak potential. For the ECEC mechanism, the issue of whether the catalytic wave is negative or positive to the second electron transfer standard potential requires knowledge of E 0 Q′=B . As Q ′ is an intermediate, this potential is usually unknown. Notwithstanding, if a very sharp peak is not observed over any concentration of Z, then it can be assumed that the catalytic wave is positive of E 0 Q′=B and Eq. 8 is applicable. Discussion The cases treated here for the total catalysis regime encompass many energy conversion reactions as at least two substrates are converted in multielectron redox processes to a product. Three such reactions of relevance here are the hydrogen evolution reaction (HER) (A = Z = H + ), the carbon dioxide reduction reaction (CDR) (A = CO 2 , Z = H + ), and the oxygen reduction reaction (ORR) (A = O 2 , Z = H + ). The CDR and ORR are particularly prone to entering the total catalysis regime owing to the low solution solubilities of O 2 and CO 2 and thus, for moderately active catalysis, these substrates are susceptible to total consumption.
The homogeneous redox catalysis of dioxygen reduction to hydrogen peroxide by a methylviologen (MV) cation radical in acidic organic media was reported more than 30 y ago (19) . The mechanism is an ECE′C type, with the acid cosubstrate Z in large excess compared with limited dioxygen substrate A, thus corresponding to case 1 (γ Z =γ A → ∞Þ in the formal analysis. CVs recorded in a DMSO solution of 1 M chloroacetic acid (ClAcOH) and 2.2 mM O 2 at low scan rates (0.05 V/s) correspond to a total catalysis (Fig. 3) . The rate constant extracted from the peak potential using the ECE′C equation in Table 1 
125 where the diffusion coefficient D P was measured from peak current in the substrate and D was measured in the presence of substrate) and is smaller than the rate constant
) that was previously derived using working curves (19) . The peak potential is predicted to change only gently with the rate constant, ð∂E p Þ=ð∂log k 1 Þ (∼30 mV), and thus careful experiments must be performed to extract reliable kinetics information. Whereas the working curve affords a more thorough analysis, such a treatment requires extensive simulations as opposed to obtaining a rate constant directly from a CV trace as described herein.
Acid reduction to hydrogen in organic solvent has already been reported to be in the total catalysis regime using cobaloxime (17) or iron(0) porphyrin (20) as molecular catalysts, with a strong acid as substrate (both A and Z). Acid reduction pertains to case 2 (γ Z =γ A → 1) with the specific characteristic that A = Z. In the case of acid reduction with cobaloxime, the rate constant k 1 was obtained from the peak potential, using the empirical Eq. 6 in the framework of an ECEC mechanism for three substrates: 4-cyanoanilinium, 4-trifluoromethylanilinium, and 4-(methylbenzoate)anilinium.
As described here, this empirical equation is correct provided that ℓnðk 1 =k 2 Þ + ð2F=RTÞðE 0 Q′=B − E 0 P=Q Þ >> 1, as properly assumed in ref. 17 . For the total catalysis regime to be rigorously met, the conditions λ 1 =γ A → ∞ and λ 2 =γ Z → ∞ have to be fulfilled. Because k 2 is likely to be smaller than k 1 in the case of the cobaloxime catalysts, the second condition k 2 C the underestimation of k 1 . The inaccuracy of Eq. 5 results from
A ðFν=RTÞ being only equal to 4, which is not large enough to meet λ 2 =γ Z → ∞. However, we stress that the effect of uncompensated resistance may induce a similar peak shift. Therefore, the experimental peak position corresponding to E p − E 0 P=Q = -95 mV is well reproduced by simulation, taking into account a 50-Ω uncompensated resistance as shown in Fig. 4 .
Peculiarly sharp CV curves may arise as a result of catalysis governed by case 3 (γ Z =γ A → 0). To the best of our knowledge, such unusual CV features have not been reported for the few cases of total catalysis behavior for a homogeneous molecular catalyst (17, 20, 23, 24) . In our studies of the ORR of dicobalt complex 1 (Scheme 2) (6), we have observed sharp curves in the CVs. Fig. 5 shows the CV for the ORR catalysis of 1 in the presence of O 2 and a small amount of acid (acetic or chloroacetic acid). As described in our previous work (6), the first weak catalytic process occurs at ca. -0.25 V vs. SCE and corresponds to a Co 2 (III,III) reduction to Co 2 (III,II) with concomitant binding of oxygen. At the higher overpotential of ca. -0.65 V vs. SCE, an extremely sharp CV wave is observed; the wave is not observed in absence of 1 (SI Appendix, Fig. S1 ).
This second reduction process occurs before direct reduction of O 2 at the glassy carbon electrode (ca. -0.9 V vs. SCE). Observation that O 2 may be directly reduced at the electrode when 1 and a small acid concentration are present indicates that O 2 is not fully consumed at the electrode surface, thus implying that the sharp wave at -0.65 V vs. SCE corresponds to the catalytic reduction of O 2 by 1 under the control of acid diffusion. Three observations are consistent with this contention. First, the sharp wave is observed at high overpotential where the kinetics of the system are enhanced. Second, whereas a classical peak-shaped catalytic process is observed with AcOH (pK a 22.3), the stronger acid ClAcOH (pK a 15.3) leads to the sharp peak (Fig. 5) . Owing to the greater pK a of ClAcOH, k 2 should be much larger, thus driving the system to exhibit a sharp catalytic CV peak for ORR. Third, at high acid concentration, H + is no longer consumed under the condition of total catalysis, and the sharp wave disappears and a two-electron reduction wave is observed (SI Appendix, Fig. S2 ), consistent with 1 reducing O 2 to H 2 O 2 according to the total catalysis regime of case 1 (with A = O 2 and Z = H + ). Ongoing work is needed to unravel the precise nature of the catalytic reaction that gives rise to the sharp wave.
Conclusion
Quantitative descriptions of the cyclic voltammograms for twoelectron, two-step homogeneous catalysis mechanisms of electrochemical reactions in the total catalysis regime have been derived. When substrate A is the limiting reactant (γ Z =γ A → ∞Þ, the kinetic information is included in the peak position from which the rate constant of the first chemical step can be extracted. When equal initial concentrations of substrate A and cosubstrate Z are considered ðγ Z =γ A = 1Þ, cyclic voltammograms have the same shape as in the previous case but kinetic information retrieved from peak potential is dependent on the reaction mechanism (Table 2) . When cosubstrate A is the limiting reactant ðγ Z =γ A → 0), in most cases (Table 3) , a very sharp peak is obtained, so sharp that there is a discontinuity in the tangent to the curve at the peak. For all mechanisms, the kinetic information extracted from the peak position is the rate constant of the first chemical step k 1 , as also may be obtained from FOWA, but deviation from this limiting behavior allows evaluation of the rate constant of the second chemical step using the analysis presented herein with knowledge of k 1 . All mechanisms treat the total catalysis regime, which may be determined for a given system experimentally by ensuring that the peak current of the catalytic wave is proportional to the square root of scan rate. A specific case is determined if the total catalysis regime is attained for a specific γ Z =γ A value. 3 is indicated by entering the total catalysis regime with increasing [Z] . Determination of rate constants, as enabled by the analyses herein, is a prerequisite for a rational benchmarking of highly active molecular electrocatalysts that involve multiple substrates.
